Purpose: To develop and validate a cardiac-respiratory selfgating strategy for the recently proposed multiphase steadystate imaging with contrast enhancement (MUSIC) technique. Methods: The proposed SG strategy uses the ROtating Cartesian K-space (ROCK) sampling, which allows for retrospective k-space binning based on motion surrogates derived from k-space center line. The k-space bins are reconstructed using a compressed sensing algorithm. Ten pediatric patients underwent cardiac MRI for clinical reasons. The original MUSIC and 2D-CINE images were acquired as a part of the clinical protocol, followed by the ROCK-MUSIC acquisition, all under steady-state intravascular distribution of ferumoxytol. Subjective scores and image sharpness were used to compare the images of ROCK-MUSIC and original MUSIC. Results: All scans were completed successfully without complications. The ROCK-MUSIC acquisition took 5 6 1 min, compared to 8 6 2 min for the original MUSIC. Image scores of ROCK-MUSIC were significantly better than original MUSIC at the ventricular outflow tracts (3.9 6 0.3 vs. 3.3 6 0.6, P < 0.05). There was a strong trend toward superior image scores for ROCK-MUSIC in the other anatomic locations. Conclusion: ROCK-MUSIC provided images of equal or superior image quality compared to original MUSIC, and this was achievable with 40% savings in scan time and without the need for physiologic signal. 
INTRODUCTION
Contrast-enhanced MR angiography (CE-MRA) is typically performed without cardiac gating due to the time constraint imposed by breath holding and the need to capture the first pass of a contrast agent (1) (2) (3) (4) . This strategy is therefore very limited for evaluation of structures that are subject to cardiac motion, such as the valves, ventricular outflow tracts, cardiac chambers, and the coronary arteries. To address this issue, we recently developed the four-dimensional (4D), multiphase, steady-state imaging with contrast enhancement (MUSIC) technique, which acquires multiple high-resolution 3D cardiac phases during uninterrupted positive-pressure ventilation and in the steady-state distribution phase of ferumoxytol (5) . The MUSIC technique, in its current form, relies on external electrocardiogram (ECG) and airway pressure signals for cardiac and respiratory motion compensation, respectively. As with conventional CE-MRA, MUSIC benefits from the higher signal-to-noise ratio (SNR) available at high field strengths, but the ECG signal often becomes unreliable due to magnetohydrodynamic effects at 3 Tesla (T) (6, 7) , and unless patients are intubated, the airway pressure signal is not available. Therefore, an alternative cardiac and respiratory motion compensation strategy would be desirable to improve the reliability of MUSIC at high-field strengths and potentially extend the technique to patients breathing freely.
Diaphragm navigators and respiratory bellows (8) (9) (10) (11) are often used as motion surrogates for respiratory motion compensation. However, in a 3D cine acquisition such as MUSIC, the navigator is not ideal because it interrupts the magnetization steady state and results in a temporal window within the cardiac cycle for which no imaging data are acquired. Hence, navigators are most commonly used in acquisitions that do not cover the entire cardiac cycle. Respiratory bellows are less often used because they are not a direct measurement of the underlying respiratory motion and have not been very reliable in clinical practice. Another family of technique, named self-gating (SG), has been widely studied in the past decade (12) (13) (14) (15) . The SG techniques detect physiological motion directly from the k-space signal of the imaging volume, which therefore provide more direct motion estimation and gating decisions. Moreover, SG can be integrated seamlessly into most imaging sequences and allows for uninterrupted image acquisition and maintenance of the magnetization steady state (16) (17) (18) .
In this work, we sought to develop a cardiac and respiratory motion SG strategy and apply it to the MUSIC technique (5) . The proposed strategy includes three components: 1) The k-space data are acquired using a ROtating Cartesian Kspace (ROCK) trajectory, which allows variable density sampling and enables retrospective data binning; 2) the data acquired within the respiratory window are binned into multiple cardiac phases based on the cardiac and respiratory SG motion surrogates; and 3) the images are reconstructed using ESPIRiT (19) , a nonlinear iterative algorithm that combines compressed sensing and parallel imaging. The ROCK-MUSIC MRI technique was tested in a cohort of pediatric patients with congenital heart disease (CHD) undergoing clinically indicated MRI with general anesthesia and positive pressure ventilation. The ROCK-MUSIC strategy was then compared with the original MUSIC MRI technique, in which the ECG and airway pressure signals were used for motion gating (5) .
METHODS

ROCK Sampling Pattern
The k y -k z plane of the 3D Cartesian ROCK k-space grid is shown in Figure 1a , where each point represents a readout line in the k x direction. First, all points in the plane are divided into N concentric rings. A spiral path with azimuthal angle 1 and relative angular velocity k ¼ 10 is generated using Eq. [1] 
The spiral path was subsequently mapped to N Cartesian grid points along the spiral trajectory, one point from each ring. More specifically, to select a point within a k-space ring, the cost function described in Eq. [2] is minimized. C y;z ¼ jw y;z À 1j þ l Á Dðy; zÞ; where w y;z ¼ u y;z À r Á k: [2] In Eq. [2] , w y;z is the spiral-corrected angle of point (y, z) calculated from its azimuthal angle u y;z , its radius r, and the relative angular velocity k; 1 is the azimuthal angle of the current spiral path; and Dðy; zÞ is the sampling density at point (y, z), which is constantly updated. By minimizing the cost function, we choose the point that is closest to the desired spiral path while preventing any point from being sampled repetitively. After the selection of each point, the sampling density matrix is updated by convoluting the selected points with a 5 Â 5 Gaussian kernel, which not only prevents a point from being sampled too frequently but also avoids local clustering of sampling points. Conventional receiver coil arrays could support 2 Â to 3Â undersampling in each direction; and the missing samples are recovered by parallel imaging, which is the main reason that a similar-sized Gaussian kernel was used, although the specific size and shape of the kernel was chosen empirically. The entire process is then repeated for each spiral trajectory, with the 1 incremented using the segmented golden ratio (20) until the desired number of samples is reached.
In this study, the Cartesian grid was divided into N ¼ 20 rings, and the area of each ring grew exponentially from the most inside one to the outside ones. In this way, the final sampling pattern had variable sampling density (21) for which the center k-space was sampled more often than the peripheral because equal number of sampling points were chosen from each rings. Moreover, the most inside ring had only one point in the center, which was therefore sampled once in every quasi-spiral path and subsequently used for SG. In addition, each quasi-spiral path was a spiral-in trajectory rather than spiral-out in order to minimize the interference of the eddy current effects on the SG signal. As shown in Figure 1(b) , with the spiral-out trajectory the SG line at the beginning of a quasi-spiral path is immediately preceded by a peripheral k-space line at the end of the previous quasi-spiral path. The large phase-encoding gradients during the acquisition of the peripheral k-space line could cause distortion of the SG signal due to eddy current effects, a problem reported in several previous SG methods (18, 22, 23) . With the spiral-in trajectory, the SG line had less distortion and the motion estimations were more reliable. This is because they were preceded by kspace lines in the center region with much smaller phase-encoding gradients and therefore has less eddy current effects.
The algorithm was implemented based on a 3D gradient-recalled-echo (GRE) sequence to generate the ROCK pattern on the fly for different matrix sizes and undersampling rates, typically within 5 s after the pulse sequence parameters are set. The sequence acquires kspace data continuously and is not synchronized with either cardiac or respiratory motion. The total acquisition time is calculated based on matrix size, estimated respiratory gating efficiency (40%), and repetition time in order to achieve a user-defined desirable undersampling rate for each cardiac phase after data binning.
Motion Estimation and Data Binning
The SG lines in each quasi-spiral arm of the ROCK pattern were used to generate motion surrogates. They were first Fourier-transformed into projections in the superior inferior (SI) direction and then interpolated eight-fold in order to improve the spatial definition of the projection lines, as well as the subsequent motion estimates, and offer more motion weights with smoother changes in the soft-gated image reconstruction. The displacement of the current SI projection relative to the reference (i.e., first SI projection) was estimated by maximizing the crosscorrelation in Eq. [3] and used as the respiratory surrogate signal. In Eq. [3] , f t is the current SI projection vector shifted by t and g is the reference projection vector; f t and g are the average of f t and g, respectively; and r represents the standard deviation (SD). Compared with using cross-correlation coefficient directly (17, 18, 22) , this method calculates respiratory motion in millimeters and is not sensitive to the choice of reference. Furthermore, each SI projection was concatenated with its temporal neighbors (T ¼ 3) for cross-correlation calculation, which, based on our experience, effectively suppressed the cardiac motion. The cardiac motion surrogate was calculated separately as the center of mass of the SI projection processed by a band-pass filter, with 5 hz bandwidth centered at the patient's heartbeat frequency (24) .
Motion compensation was performed on all acquired kspace data using the derived SG motion surrogates. The cardiac motion signal first underwent peak detection to identify the triggers for each heartbeat, and the ones with abnormal duration (i.e., beyond one SD from the average duration of all heartbeats) are discarded. Then, each remaining heartbeat is evenly divided into nine cardiac phases and the corresponding k-space data were sorted accordingly for each cardiac phase. For respiratory motion, a soft-gating method was applied, which generates Gaussian-shaped weightings based on the SG signal rather than a binary mask in traditional gating methods (25) . The Gaussian kernel has a full-width half-maximum (FWHM) of 3 mm and was placed so that it covers the largest area in the respiratory motion histogram, which is usually the end-expiratory position. An example of the motion compensation process is illustrated in Figure 2 .
Image Reconstruction
After motion compensation, the k-space data of each cardiac phase are reconstructed using Eq. [4] , where x is the reconstructed volumetric image; D and F represent undersampling and Fourier transform operations; S is the sensitivity maps of all the receiver coils estimated using ESPIRiT method (19) ; y is the under-sampled kspace measurement from each receiver coils; w is the soft-gating term calculated from the derived respiratory SG motion surrogate; and CðxÞ is the regularization term on spatial sparsity in the wavelet domain.
f ðxÞ ¼ argmin
Motion compensation and image reconstruction algorithms were implemented in a custom-built personal computer (PC) (quad-core central processing unit, 32 GB memory) with parallelized graphics processing unit (GPU) acceleration using Cþ þ and the Berkeley advanced reconstruction toolbox toolbox (26) . The PC was connected with the MRI scanner via Ethernet cable so that k-space data are transferred to the PC as they are acquired, and images are sent back to the scanner upon the completion of reconstruction (27) . A graphical interface was also developed that allows the user to input parameters (e.g., patient's heart rate, size and shape of the respiratory gating window) and monitor the progress as well as the intermediate results of the reconstruction process. Our implementation allows the image reconstruction to be performed in minutes and fully integrated into the current clinical workflow.
Phantom Experiments
Phantom experiments were performed to evaluate the proposed ROCK sampling pattern. Scan parameters were set to match approximately those to be used in clinical scans (1.2 ms/2.9 ms, matrix size: 480 Â 280 Â 140, 1 mm 3 isotropic resolution, scan time ¼ 5 min). A pair of scans was first performed to compare SG signal using the spiral-in and spiralout ROCK sampling. The data using the spiral-in ROCK were retrospectively gated to end-expiration and binned into nine cardiac phases using a recorded physiological signal from a previously scanned pediatric patient whose average heart rate was 118 beats per minute (bpm). Standard 3D GRE scans with identical matrix size and resolution settings were performed using 2 Â 2 and 3 Â 2 generalized autocalibrating partially parallel acquisitions (GRAPPA) in the ky-kz acceleration, resulting in a net acceleration factor of 3.7 Â and 5.4Â, respectively. The data using GRAPPA sampling were reconstructed using the vendor-provided software, and the data using ROCK sampling was reconstructed offline using Eq. [4] . The experiments were performed on 1.5T and 3T scanners (Magnetom TIM Avanto/Prisma, Siemens Healthcare, Erlangen, Germany).
In Vivo Experiments
The in vivo study was approved by our institutional review board. Ten pediatric patients with complex CHD who were referred for clinical cardiovascular MRI independent of our research (ages 1 month to 8 years, 5 males) were included in this study. Ferumoxytol was administrated as an MRI contrast agent at an elemental iron dose of 4 mg/kg body weight by slow infusion. The patients were under general anesthesia at the time of MRI, which is our institutional standard practice for young patients who cannot reliably follow verbal instructions during scanning. The patients were monitored by pediatric anesthesiologists throughout the MRI examination. All imaging was done on a 3.0T scanner (Magnetom TIM Trio, Siemens Healthcare, Erlangen, Germany). Receiver coils, including adult knee coil, head coil, flex coil, or body array coil, were configured for specific patient size to provide optimal coverage.
The approved institutional protocol for these patients included the original MUSIC with ECG and ventilator gating and 2D CINEs using ventilator-controlled breath holding. The ROCK MUSIC acquisition was performed with scan parameters matching those of the original MUSIC: 1.2 ms/2.9 ms, matrix size: 480 Â 280 Â 140, 0.8 to 1 mm 3 isotropic resolution, and nine cardiac phases flip angle (FA) ¼ 20
. Parameters of the 2D CINE scans included GRE readout, 1.7/4.1 ms, FA ¼ 20 , 1 mm in-plane resolution, 4 mm slice thickness, 40 to 60 ms temporal resolution. Because the intravascular half-life of ferumoxytol is approximately 15 hours, the blood concentration was effectively constant throughout the entire study. The original MUSIC parameters were set to achieve 2.8 Â acceleration with an acquisition time of 7 to 9 min. The acquisition time of the ROCK-MUSIC was set to 60% of the original MUSIC with 5 Â acceleration (time of acquisition (TA) ¼ 4-6 min). Physiologic signals, including airway pressure and ECG, were recorded in all cases. Image reconstruction was initiated automatically after data acquisition, and all 4D DICOM images were ready for review at the scanner console within 10 minutes, without interrupting intervening image acquisition (as for 2D cine). To compare the performance of the conventional binary respiratory gating strategy with our soft-gating, retrospective image reconstruction was performed based on one ROCK-MUSIC dataset using the conventional binary respiratory gating strategy. The binary gating window was placed at the same position as the softgating kernel, with window width of 3 mm, which was identical to the FWHM of the soft-gating kernel.
Data Analysis
The respiratory SG signal was correlated with the recorded airway pressure signal for each subject. The cardiac SG triggers were validated against the recorded ECG triggers, and the SD of the difference between SG and ECG trigger times were calculated. Similar methods were used in previous SG studies (24, 28, 29) .
Visual assessment of the subjective image quality of both techniques was performed by a board-certified physician with > 5 years of experience in cardiovascular MRI. The images of the original MUSIC and ROCK-MUSIC were presented in random order to the evaluator, who was blinded to the patient information and the imaging technique. Image quality scores were recorded for four anatomic structures using criteria listed in Table 1 .
FIG. 2. K-space center line was
Fourier-transformed to SI projections, from which cardiac and respiratory SG signal was calculated. The amplitude of the respiratory SG signal was used to generate Gaussian-weighted masks for respiratory motion soft-gating. K-space data was binned into multiple cardiac phases based on the cardiac triggers calculated by peak detection based on the cardiac SG signal.
Ferumoxytol-Enhanced 4D ROCK-MUSIC
Image sharpness was measured in the left ventricle and diaphragm by drawing a linear profile and calculating the slope of the signal density, as previously described (5). The slopes on both sides were defined as the image intensity difference divided by the distance between the two points at 20% and 80% of the dynamic range, respectively. The calculated slope on both sides was then averaged as the final sharpness measurement.
The end systolic volume and end diastolic volume of the left and right ventricle (LV/RV) were measured based on the original MUSIC and the ROCK-MUSIC images. The 4D images are first reformatted to stacks of 2D slices in the standard short-axis view. The endomyocardial borders of the original MUSIC and ROCK-MUSIC datasets were manually drawn for each 2D slice using an OsiriX (Pixmeo, Geneva, Switzerland) workstation, and the volumes were calculated by integrating the results for all the 2D slices.
The subjective image quality scores were compared using the Wilcoxon signed-rank test. Vessel sharpness measurements were compared using paired Student t test. P < 0.05 is considered statistically significant. The ventricular volume measurements were compared using Bland-Altman analysis.
RESULTS
Phantom Experiments
Figures 3a-b show the projections of a static phantom in 1.5T using ROCK pattern with spiral-out and spiral-in sampling, respectively. Fluctuations of the projection magnitudes over time due to eddy current are apparent in the spiral-out case because the acquisition of the SG line is immediately preceded by a peripheral k-space line. with strong gradients in the previous quasi-spiral interleaf. These fluctuations are much reduced in the spiral-in projections because the same SG line acquisition is preceded by an adjacent line in the center k-space region.
The images reconstructed from the ROCK undersampled data in both 1.5T (Figure 3c ) and 3T (Figure 3d ) are free of the aliasing artifacts that are often seen in the ones reconstructed from GRAPPA undersampled data, despite the fact that higher undersampling rate was achieved. Figures  3c-d also shows the k-space sampling pattern of the first and last cardiac phases. The segmented golden-ratio increment of the quasi-spiral paths in ROCK ensures a nearuniform angular distributions of the k-space samples after retrospective motion gating and data binning (20) .
In Vivo Experiments
All clinical scans were completed successfully. The image reconstruction time among all the subjects was 6.460.9 minutes for a complete 4D dataset. Figure 4 shows a section of the SI projections, along with the calculated respiratory self-gating (RSG) and cardiac selfgating (CSG) signal from a 19-month-old male subject compared to the recorded air-pressure signal and the ECG trigger. The RSG correlates well with the recorded air-pressure signal. The cardiac triggers detected from the CSG also matched with the recorded ECG triggers, albeit with a small delay. The delay may be explained by the time difference between the electrical stimulus and the actual mechanical motion because the CSG signal is a direct measurement of the actual motion. For all subjects, the averaged correlation coefficient between RSG and airway pressure was 0.94 6 0.025. The averaged SD of the time difference between CSG and ECG triggers was 12.9663.71 ms. The heart rate based on ECG signal was 106.3 6 12.4 bpm, and the one based on self-gating signal was 104.9611.6 bpm. Three patients with poor ECG signal, despite multiple attempts to replace the ECG electrodes, were excluded in this comparison. Figure 5 shows single-frame images (1 mm slice thickness, no maximum intensity projection) of the original MUSIC and ROCK-MUSIC from a 6-year-old female patient (2 of 9 cardiac phases are shown). ROCK-MUSIC provides images of equal quality, if not superior, to the original MUSIC, and this is achievable with a 40% reduction in scan time and without the need for physiologic signal. Movie versions of Figure 5 are available as Supporting Video S1 and S2 in the online Supplemental Materials. Figure 6 shows images from an 8-year-old male whose ECG signal was unstable during the scan. The blood-myocardium border is blurred due to inaccurate cardiac triggering in the images reconstructed based on ECG (Figure 6b) . Conversely, images that were reconstructed from the same k-space data but used cardiac SG triggers show less motion artifacts and have better image quality in the regions that are subject to cardiac motion.
FIG. 3.
The SI projections from the spiral-out ROCK (a) is subject to distortions due to eddy current artifacts, and the same artifact is much alleviated in the spiral-in ROCK (b). Compared with images acquired using GRAPPA undersampling, the images acquired using ROCK in 1.5T (c) and 3T (d) have better quality and less artifacts, although high undersampling rates were achieved. In the ROCK method, the k-space after retrospective data binning has near-uniform angular distributions. The slightly different sampling pattern and undersampling rate of different cardiac phases do not result in noticeable differences in image quality.
A comparison of conventional respiratory binary gating and soft-gating based on one volunteer dataset is presented in Supporting Figure S1 in the online Supplemental Materials. The blood pool SNR of soft-gating reconstruction was 35% higher than the binary gating reconstruction (29.7 vs. 21.9). The diaphragm border of soft-gating reconstruction was also sharper than the binary gating reconstruction (0.28 vs. 0.25).
As shown in Table 2 , image scores of ROCK-MUSIC were significantly better than original MUSIC at the ventricular outflow tracts (3.9 6 0.3 vs. 3.3 6 0.6, P < 0.05). In the other three anatomic locations evaluated, there was a strong trend toward superior image scores for ROCK-MUSIC, although the comparison was not statistically significant. Quantitative image sharpness between ROCK-MUSIC and original MUSIC were comparable (0. 29 are shown in Supporting Figure S2 . The bias of LV volume measurements based on the two techniques was 0.31cm 3 3 . The ventricular volume measurements among the subjects had relatively large variance because of the wide age range (0-6 years old) and size of the patients.
The isotropic resolution ( < 1 mm 3 ), motion-compensated, high-quality 4D images offered by ROCK-MUSIC allow retrospective 2D reformatting in arbitrary orientations and in multiple cardiac phases to facilitate interrogation of detailed intracardiac and vascular structures. Figure 7 shows reformatted 2D short-axis images with image quality comparable to that of 2D cardiac CINE using ventilator-controlled breath held and ECG gating. The volumetric excitation of 4D ROCK-MUSIC is free of blood inflow dephasing artifacts that are sometimes associated with 2D CINE acquisitions and results in a more homogeneous blood pool signal, which is potentially beneficial for automated blood pool segmentation. Further, ROCK-MUSIC allows for multiphase visualization of major coronary arteries even in very small children, as shown in Figure 8 .
DISCUSSION
The current work represents a feasibility study of the self-gated ROCK-MUSIC in pediatric CHD patients. Our results show that, in a small cohort of children with complex CHD, the self-gated ROCK-MUSIC technique produced image quality at least as good as the original 4D MUSIC acquisition without the need for external respiratory or cardiac signals, and with a 40% reduction in imaging time. The patients in our study were under general anesthesia with positive pressure ventilation, which provides an excellent reference standard against which to validate our motion self-gating signal. Therefore, the development and validation of our ROCK-MUSIC technique is an important step toward generalizing our ferumoxytol-enhanced 4D MRI to older CHD patients who undergo cardiovascular MRI during free breathing without anesthesia.
Several technical components of the proposed methods have contributed to the overall improvement over original MUSIC in terms of image quality and acquisition speed. First, the cardiac and respiratory SG signals enabled more accurate and reliable motion gating decisions. We experienced ECG signal distortions due to interference in three subjects in this study, which FIG. 6. Reconstructed images from an 8-year-old male patient. The ROCK-MUSIC data were reconstructed separately using recorded ECG triggers and self-gating cardiac triggers (a). Regions that are subject to cardiac motion are blurred due to inaccurate triggering in the ECG-gated ROCK-MUSIC but not in the self-gated ROCK-MUSIC, although they are reconstructed based on the same dataset. The ECG signal in (b) are reconstructed signals based on recorded ECG-triggers. The real ECG-signal (not recorded) has severe distortions. resulted in false and missing cardiac triggers during MUSIC acquisition. In these cases, the SG triggers in ROCK-MUSIC could better represent the true cardiac motion because the signal is not affected by the magnet and gradient systems. Second, the variable density quasirandom ROCK sampling and ESPIRiT (19) image reconstruction in ROCK-MUSIC is more efficient than conventional structurally undersampled Cartesian sampling and GRAPPA used in the original MUSIC. The ESPIRiT algorithm uses an eigenvalue approach to better estimate the coil sensitivity map, and a spatial wavelet regularization term was integrated in the image reconstruction formula to remove the noise-like undersampling artifacts in the images. The retrospective nature of the proposed motion selfgating method provides several advantages over prospective methods (28, 30) . First, the respiratory gating window and position are defined after the image acquisition. Respiratory drift, which is one of the major challenges in prospective methods (30) , can be addressed in retrospective methods by analyzing the respiratory motion histogram and choosing the gating window and position for maximized gating efficiency. Moreover, retrospective cardiac triggering allows for complete coverage of all cardiac phases, whereas images during the 40 to 80 ms triggering window are not available in prospective cardiac triggering methods. This is particularly important for the pediatric CHD application because these young children typically have high heart rates of 120 to 140 bpm; 40 to 80 ms represents a significant portion of the cardiac cycle.
Many previously proposed retrospective motioncompensation techniques were based on radial sampling. Despite the benefits, including straightforward combination with golden-angle schemes and relative immunity to motion artifacts, radial sampling is associated with limitations in clinical practice (14, 31) . First, the sampling efficiency of radial sampling is compromised when anisotropic fields of view are preferred. In addition, radial sampling requires computationally intensive reconstruction, which is nontrivial especially when nonlinear iterative methods are used. Even when modern computing technology such as parallelized GPU acceleration is incorporated, computational challenges remain. Instead, the proposed method is based on Cartesian sampling, which offers flexible fields of view settings that can be tailored to individual subjects for more efficient image acquisition. Moreover, 4D image reconstruction is finished within 10 minutes after scan completion, and the entire process has been integrated within our current institutional clinical workflow for imaging pediatric CHD patients. On the other hand, reconstruction of radial data of a similar size would require multiple hours using comparable hardware and software implementation (31) .
As the quasi-spiral interleaves traverse quickly between the center and periphery of the k-space, it is important to use a spiral-in trajectory to reduce eddy current effects from the phase-encoding gradients of the SG k-space line. Previous studies have also noted the problems of eddy currents and their effect on the reliability of motion selfgating signals (18, 22, 23) . Deng et al. (22) proposed a solution, which acquires multiple SG lines and uses the last line to minimize eddy currents at the cost of extended acquisition time. In the ROCK pattern, we use the spiral-in sampling to address this problem. For ethical reasons, we did not make direct comparisons between the technique proposed by Deng et al. and the ROCK pattern in our patient scans. However, two findings from our study support our conclusion that the spiral-in ROCK k-space sampling provides reliable SG signal and minimizes eddy current effects: 1) projection images from static phantom experiments in Figure 4 are highly reproducible; and 2) the derived SG signal matched well with the recorded physiologic signal.
Golden-ratio k-space sampling is widely used in many dynamic MR imaging applications because it offers near uniform k-space sampling within any single temporal window. However, the sampling uniformity is no longer supported when golden ratio is applied in respiratory and cardiac motion gating applications. In these applications, FIG. 7 . The reformatted ROCK MUSIC has uniform blood pool signal without inflow effects typically seen on conventional 2D CINE. The blood-myocardium contrast is comparable despite the fact that a much thinner slice is used (5 mm vs. 1 mm). Some cardiac motion blur is visible in the systolic ROCK-MUSIC images due to the limited number of cardiac phases.
the k-space data are selected from several temporally isolated windows (e.g., end-expiration or certain cardiac phase) instead of a single one (20, 32) . As a result, the k-space sampling pattern after retrospective motion gating may not be as uniform as the one using a single reconstruction window. To address this issue, segmented golden ratio (20) was used in the proposed ROCK method in which the k-space is first divided into multiple segments. Golden-ratio sampling is performed within each segment, and different segments are switched in a pseudo-random order. The added degree of randomness ensures a much uniform k-space sampling pattern after retrospective data binning (33) .
In the proposed methods, the data consistency term in the image reconstruction equation was weighted with the respiratory motion position. Data acquired at the center of the gating window were given larger weights and therefore were likely to remain unchanged. Data acquired further away from the gating window were given weights close to 0 and therefore were more likely to be updated during the optimization. This k-space weighted, or softgated, image reconstruction has been used in several recent thoracic and abdominal MR imaging applications to weight data with imperfections (e.g., motion) (25, 34) . Compared with the traditional binary gating method, more data are included into the image reconstruction framework. Meanwhile, k-space data acquired outside the traditional gating window were given less weight in the data consistency term in order to minimize the potential motion artifacts associated with including more data into the reconstruction. Cheng et al. reported an increase in SNR and image sharpness by using softgating in contrast-enhanced 4D phase-contrast imaging application (35) . Furthermore, the use of soft-gating does not further increase the computational complexity compared with compressed sensing using binary gating.
In the proposed method, the respiratory motion surrogate was calculated from SI projections, which includes signals from the entire excitation volume. Therefore, signals from static tissue, including chest wall and subcutaneous fat, may potentially impair the accuracy of the derived motion displacement, a problem recognized in several previous studies (36) . However, we did not find it problematic in our study, mostly because the intravascular contrast agent-ferumoxytol-provided a uniform and stable blood pool enhancement that contributed to the majority of the SI projection. The signal from subcutaneous fat was also much less significant than the blood pool signal, especially in these young children.
The ROCK-MUSIC could provide high-quality dynamic information of the heart in < 1 mm 3 isotropic resolution and without the need of repeated breath held. In addition, the ROCK-MUSIC images have uniform blood pool signal that is free of the intravoxel dephasing artifacts usually caused by turbulent flow in conventional 2D CINE images. This is because the optimized short echo time of 1.2 ms and the voxel size that is five-to 10-fold smaller than conventional 2D CINE. These properties support the potential of automatic, 3D blood pool segmentation and cardiac functional assessment based on the ROCK-MUSIC images. Our current protocol has limited number of cardiac phase compared with conventional 2D CINE, which has prevented the ROCK-MUSIC from reaching its full potential in cardiac functional assessment. It is the goal of our ongoing work to further improve the temporal resolution of the ROCK-MUSIC using advanced temporal acceleration methods so that it can replace conventional 2D CINE in these exams. The k-space sampling pattern of ROCK-MUSIC is not identical among the cardiac phases because the retrospective binning was performed over data acquired over 600 heartbeats without cardiac motion synchronization. Such noncoherent temporal sampling could better support image reconstruction that exploits temporal correlation of the dataset (37, 38) .
In this work, the use of ferumoxytol as an intravascular contrast agent greatly improved the blood-myocardium contrast in our ROCK-MUSIC images. However, ferumoxytol administration is also associated with potentially adverse events, including anaphylactic reactions highlighted by the U.S. Food and Drug Administration boxed warning in March 2015. Because the CHD patients referred for MRI are typically patients who have already undergone inconclusive or insufficient echocardiography exam, ferumoxytol use in these patients may be clinically justified, especially in light of recent discovery of gadolinium deposition in human tissues after exposure to gadolinium-base contrast agents (39) (40) (41) . At our institution, ferumoxytol-enhanced MRI has become our local clinical standard for MRI of pediatric CHD patients, and personnel who are trained to handle any 
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SUPPORTING INFORMATION
Additional supporting information may be found in the online version of this article Video S1. Supporting video of Figure 5 . 3D images of the original MUSIC (left) and the ROCK MUSIC (right) in a single cardiac phase. The ROCK MUSIC has slightly better image quality (i.e. less aliasing artifacts) than the original MUSIC, and this was achievable with 40% savings in scan time and without the need of physiologic signal for motion gating. Images has 1mm3 isotropic resolution. Video S2. Supporting video of Figure 5 . The cardiac CINE movie of the original MUSIC (left) and the ROCK MUSIC (right) images in a single 1mm slice. Fig. S1 . Comparison of separate image reconstructions using conventional binary gating and our soft-gating strategies on the same dataset. The softgated images have higher blood-pool SNR and sharper diaphragm borders than the binary gated images. The blood-pool SNR was defined as the average signal within a blood-pool ROI divided by the standard deviation within a background ROI. The sharpness was measured over a linear profile crossing the diaphragm border. Fig. S2 . Bland-Altman plots of the LV (a) and RV (b) volume measurements, comparing the ones based on original MUSIC and ones based on ROCK-MUSIC.
